Dielectric elastomer actuators (DEAs) are a promising enabling technology for a wide range of emerging applications, including robotics, artificial muscles, and microfluidics. This is due to their large actuation strains, rapid response rate, low cost and low noise, high energy density, and high efficiency when compared with alternative actuators. These properties make DEAs ideal for the actuation of soft submersible devices, although their use has been limited because of three main challenges: (i) developing suitable, compliant electrode materials; (ii) the need to effectively insulate the actuator electrodes from the surrounding fluid; and (iii) the rigid frames typically required to prestrain the dielectric layers. We explored the use of a frameless, submersible DEA design that uses an internal chamber filled with liquid as one of the electrodes and the surrounding environmental liquid as the second electrode, thus simplifying the implementation of soft, actuated submersible devices. We demonstrated the feasibility of this approach with a prototype swimming robot composed of transparent bimorph actuator segments and inspired by transparent eel larvae, leptocephali. This design achieved undulatory swimming with a maximum forward swimming speed of 1.9 millimeters per second and a Froude efficiency of 52%. We also demonstrated the capability for camouflage and display through the body of the robot, which has an average transmittance of 94% across the visible spectrum, similar to a leptocephalus. These results suggest a potential for DEAs with fluid electrodes to serve as artificial muscles for quiet, translucent, swimming soft robots for applications including surveillance and the unobtrusive study of marine life.
INTRODUCTION
Dielectric elastomer actuators (DEAs) show considerable potential in a variety of fields including microrobotics (1, 2) , bioinspired robotics (3) (4) (5) , artificial muscles (6) , and microfluidics (7) (8) (9) . Their high energy efficiency and large active strains make them suitable for many applications that require low-power actuators with large strokes. Two recent efforts by Godaba et al. and Shintake et al. have developed underwater swimming actuation with DEAs in jellyfish-and fish-inspired robots (10, 11) . In their most basic form, DEAs are composed of an elastomeric dielectric sandwiched between a pair of compliant electrodes. The dielectric layer is typically a silicon-or acrylic-based polymer (e.g., polydimethylsiloxane or the Very High Bond (VHB) acrylic adhesive by 3M, respectively) (12, 13) . The electrodes are generally composed of deposited metals (14, 15) , carbon particles or nanotubes (15) , ionogels (16, 17) , or ionic hydrogels (18, 19) .
However, challenges remain with using the aforementioned approaches to compliant electrodes for transparent swimming robots. Metallic electrodes provide excellent conductivity but add stiffness to the structure, which impedes the actuation (15) . Although techniques exist to fabricate metallic films that are flexible and stretchable (20) (21) (22) (23) , these approaches require complex fabrication procedures and lead to at least partially opaque conductive layers. It is possible to make stretchable metallic electrodes using various methods; however, these methods still result in a stiff layer relative to the dielectric layer. As a result, most previous studies have used electrodes made of suspensions of carbon in a soft or liquid carrier or of conductive hydrogels. Carbon particles suspended in silicone oil (e.g., carbon grease) is the material most commonly used for DEA electrodes, but it is challenging to pattern, prone to mechanical abrasion, and opaque. Moreover, carbon grease electrodes are subject to drying and diffusion of the silicone oil through the dielectric layer, which can swell the elastomer and affect the mechanical properties of the DEA over time (15) . Whereas nonpolar liquids are known to induce swelling in dielectric elastomers, polar liquids are known to have a much higher compatibility with silicone elastomers and induce minimal swelling (24, 25) . Previous work has demonstrated the patterning of ionic hydrogels to serve as optically transparent electrodes (18, 19, 26) . However, ionic hydrogel electrodes require encapsulation to prevent mechanical abrasion (27) and dehydration (18, 27) . Further, any conductive electrode with non-negligible stiffness reduces the efficiency of the DEA (28) and thus the performance of the actuator.
Ionic fluids represent an inexpensive, compliant, and transparent alternative for DEA electrodes (25) . Fluidic electrodes have been used in DEAs to induce buckling of elastomer films on a microfluidic chip (9) ; in a thickened electrolyte solution for planar actuators (29) ; and for one of the two electrodes in a pressurized ballooning actuator (30), a bimorph actuator (31) , and a fast-moving electronic robotic fish (19) . Ionic fluid electrodes are especially interesting for use with DEAs in underwater environments or for fluid applications. The swimming DEAs presented by Godaba et al. (10) and Shintake et al. (11) rely on carbon-based electrodes, requiring the need for encapsulation layers and patterned electrode pairs found in both designs and imparting additional stiffness due to the electrode and encapsulation layers. A recent hybrid approach combining both hydrogel and fluid electrodes demonstrated a fast-moving soft electronic fish in which hydrogels served as one of the electrodes in a DEA, and the surrounding fluid was used as the ground electrode (19) . However, this hybrid approach relies on hydrogel electrodes for the internal conductor, and the prestrained actuator necessitates a relatively rigid frame to maintain this prestrain. We previously presented a simple frameless proof-of-concept bimorph actuator that showed some underwater motion and was straightforward and inexpensive to fabricate, consisting of water for electrodes and prestrain-free dielectric layers (31) . However, this actuator was powered by a single pair of DEA modules and thus required a stiffer leading edge to generate asymmetric motion. Further, forward propulsion was only observed when the actuator pushed off the air-water interface during each stroke.
The transparency of both fluid and hydrogel electrodes suggests their potential for camouflaged applications, as recently demonstrated by the work of Li et al. (19) and Yuk et al. (32) . The transparency of their devices enables passive camouflage, which eliminates the need for foreknowledge and adaptation to the background and surrounding environment, as required in active camouflage. In addition to camouflaged robotics, even partially transparent actuators open up a suite of promising applications, including flexible displays with haptic feedback or optic applications (33) .
In this paper, we present a swimming robot inspired by leptocephali (Fig. 1A) and composed of frameless, transparent, bimorph DEA segments with fluid electrodes. We built upon our previous demonstration of a simple fluid electrode DEA (or FEDEA) bimorph (31) and demonstrated that a polar fluid, even one with low conductivity, can be used for both electrodes, obviating the need for hydrogel, carbon-based, or metallic electrodes. We present an approach to the design and fabrication of submerged actuators in which both electrodes were fluids and the surrounding fluid served as the second electrode, eliminating the need for patterning and fabricating both electrodes, which had been required in most previous DEAs. This simplified the design of the actuators and improved their efficiency by eliminating the need to add conductive and encapsulation layers that would stiffen the DEA. Because the fluid electrodes and dielectric elastomer are translucent, so is our swimming robot, enabling passive camouflage and optical communication. We achieved this with prestrain-free DEAs, eliminating the need for rigid frames to maintain the prestrain, resulting in a fully compliant actuator capable of continuous deformation. We demonstrated this approach with a proof-of-concept implementation of FEDEAs: translucent bimorph actuators for a submersible swimming soft robot.
RESULTS

Design of an FEDEA bimorph module
We designed and fabricated FEDEA bimorphs consisting of two separate fluid chambers enclosed by three layers of dielectric elastomer (Fig. 1B and fig. S1 ). When we submerged the actuator in a grounded fluid and applied a voltage to one of the fluid chambers in the actuator with respect to ground, the Maxwell pressure compressed the dielectric layer between the internal fluid and the external bath. This induced the chamber to elongate in the directions perpendicular to the electrical field, which caused the bimorph to bend away from the actuated side.
Analytical bending model
To develop an understanding of how the actuation of our bimorph module scales with its geometry, material properties, and the applied voltage, we used the elementary Euler-Bernoulli beam theory. We consider the actuator to be a collection of three layers of equal thickness h stacked on top of one another and examine the case in which one of the outer two layers is actuated, that is, the case where the bimorph undergoes a bending deformation, either upward or downward.
When a voltage is applied across one of the layers, opposing charge distributions build up on either side, causing an effective mechanical pressure p, which in turn results in a longitudinal strain in the said layer. An application of Hooke's law shows that this strain is given by
where v and E are Poisson's ratio and the elastic modulus of the dielectric elastomer, respectively. Pelrine's equation (12) gives an expression for the equivalent mechanical pressure acting on the actuated layer:
Here, D 0 is the permittivity of free space, D r is the relative permittivity of the dielectric elastomer, and V is the applied voltage. We now analyze the bimorph as a whole, approximating the collection of three layers as an Euler-Bernoulli beam of thickness 3h undergoing pure bending. It follows that the longitudinal strain is y/r, where y is the distance from the neutral axis and r is the curvature. Considering Eq. 1 to be the leadingorder expression for the longitudinal strain in the extreme tensile fiber of the beam, we find, after dropping a constant of 3/2, that
By inserting Eq. 2 into Eq. 3 and rearranging, we find the leading-order functional dependence of the curvature to be This result suggests that the curvature is proportional to the square of the applied voltage and inversely proportional to the thickness of the actuator to the third power. Furthermore, the curvature is expected to be independent of the actuator's length. Tests of actuators of three different lengths (73, 110, and 143 mm) generally agreed with the scaling relationship (4), as outlined in fig. S2 . However, they showed a minor dependence of the curvature on the actuator's length, likely due to higher-order effects not captured in our simplified analysis, such as out-of-plane deformation and edge effects. In these experiments, we achieved a maximum curvature of 12.5 ± 0.4 m −1 with a 73-mm-long bimorph actuated at an initial electric field of 20 MV m −1 (10 kV applied to a 0.5-mm-thick film).
A small modification of the simple scaling relationship detailed in Eq. 4 has important consequences for the design of the actuators. If the radius of curvature is large compared with the length of the actuator, that is, L/r ≪ 1, it can be shown that the transverse deflection d of the actuator scales as
This basic scaling relationship describes the leading-order dependence of the actuator's motion on its geometry and applied voltage. It shows that the actuation depends on the length L and the thickness h, but considerably more strongly on the thickness. Hence, in designs where it is desirable to maximize the deflection, efforts should be focused on reducing h rather than increasing L, keeping in mind that a very small h would lead to dielectric breakdown and failure of the actuator. Designing around a small h rather than a large L has the added benefits of reducing the amount of material comprising the actuator, reducing costs, and suggesting the potential for miniaturization.
Influence of water conductivity
The bimorph actuators were tested using water with a salt concentration comparable to that of seawater (35 g liter
), deionized water, and United States Pharmacopeia (USP)-grade water (AquaPur, Decon) as both the internal and external fluids. We measured the conductivity of each of the three solutions and found them to be 48.15 ± 0.09, 0.045 ± 0.003, and 0.040 ± 0.002 mS cm −1 , respectively. To test the impact of water conductivity on actuator performance, we measured the maximum displacement of FEDEA bimorphs with matching internal and external fluids of either saltwater or USP-grade water and found that the maximum actuation amplitude at 1 Hz was 2.0 and 1.7 mm, respectively ( fig. S3 ). This demonstrates that that there is only a moderate impact of performance on the conductivity of the solution, and for reasons of simplicity, we begin with deionized water as both the internal and external fluid for the actuators in the robot but make no efforts to maintain the purity of the water. The time constant of a highly resistive ionic solution is greater than that of a more conductive solution, as described by Keplinger et al. (18) . However, it is still very small (on the order of 10 −7 s), whereas the damping effects of the fluid viscosity and viscoelasticity of the elastomer (34, 35) have much slower time scales (order 10 0 to 10 3 s) and thus dominate the time scale of the response, leading to a negligible difference in the observed performance of actuators in solutions with different ionic concentrations. One implication of this result is that the fluid electrodes are compatible in both freshwater and seawater environments.
Bioinspiration for swimming and transparency Eels move quickly and efficiently using an undulating motion as a traveling wave that traverses the body of the eel, known as anguilliform motion (36) . To produce anguilliform motion, we designed our swimming robot as three bimorph FEDEA modules placed end to end in series (Fig. 2) . The robot is 22 cm long, 5 cm tall, and 1.5 mm thick. To imitate the traveling wave actuation observed in swimming eels, we actuated these six actuators in sequence (see Fig. 2, right) . We connected each actuator to a power supply through a silicone tube filled with water, which terminates at a metallic syringe tip, providing electrical contact between the fluid chamber and the control electronics ( fig. S4) . By controlling the sequence and timing of activation of the six actuators at a fixed voltage (7.5 kV), we generated an undulating motion in the robot (see Fig. 2 and movie S1). To generate a propulsive traveling wave, inspired by the undulating motions found in eels, we actuated diagonal pairs of chambers in sequence from the anterior to posterior sections of the robot, as shown in Fig. 2 .
Further, eel larvae, also known as leptocephali, are translucent. Inspired by this, we designed our proof-of-concept swimming robot to be translucent. Because the internal electrode was a conductive fluid and the dielectric elastomer is a transparent membrane, the robot is transparent, with the exception of some residual hazing caused by the passivating agent used to pattern the electrodes (see Materials and Methods).
Swimming performance of the FEDEA Because the FEDEA actuators consist of materials with densities that are comparable to water, they face reduced buoyancy challenges found in pneumatically actuated fish-like soft robots (37) . To maintain a consistent swimming depth for performance characterization, we tuned the actuator to be negatively buoyant and suspended the actuator from a floating boom (Fig. 2) . The wetted areas of the actuator, tubing, and boom are 230, 23, and 270 cm 2 , respectively. By sequential activation of the electrodes, we generated an undulating motion, enabling forward propulsion. We measured a maximum swimming speed of 1.9 mm s −1 (0.009 body lengths per second) at a driving frequency of 0.33 Hz. To better understand the performance of this proof-of-concept robot, we (36, (38) (39) (40) . We found the parameters needed for calculating the thrust and Froude efficiency based on EBT (i.e., amplitude, wavelength, and wave speed) by fitting to the experimental data of the position of the tail of the robot over time.
S C I E N C E R O B O T I C S | R E S E A R C H A R T I C L E
(For further discussion of the fitting and calculations, please see text S1.) We estimated the efficiency of the robot using Lighthill's EBT ash EBT 
, resulting in a h EBT of 52%. The measured Froude efficiency informs us that excess effort is wasted in generating lateral motion in our robot; only about half of the effort is converted into useful thrust. One metric of swimming efficiency is the Strouhal number (41), which is proportional to the product of the tail-beat amplitude and driving frequency and inversely proportional to the velocity. As a preliminary optimization of the swimming gait of the robot, we measured the amplitude as a function of driving frequency for an FEDEA bimorph ( fig. S6 ). From this, we observed a peak value of the product at a driving frequency of 0.5 Hz. When we increased the actuation frequency of the multisegmented robot from 0.33 to 0.5 Hz, we observed a 12% increase in average swimming speed for the same actuation sequence. This demonstrates the opportunity for further optimization of the actuation sequence and frequency. For consistency, the results described in the remainder of the paper refer to the performance of the robot actuated at 0.33 Hz.
Power consumption during actuation
We calculated the electrical power input that the robot consumed to be 34 mW based on the change in capacitance as P electrical = C act V 2 f, where C act is the capacitance of the actuator when charged, V is the applied potential, and f is the driving frequency. The capacitance at rest was measured directly with an inductance, capacitance, and resistance (LCR) meter, and the capacitance when actuated was calculated based on the deformation of the area and thickness of the robot based on Hooke's law and Pelrine's equation (12) . We also calculated the power consumption experimentally by measuring the voltage and current in a single actuator during a charge and discharge cycle and found the total power consumption for the robot (six actuators) to be~20 mW, which is comparable with the calculated value based on the change in capacitance. We calculated the mean thrust using EBT to be 0.25 mN over three tailbeat cycles at a driving frequency of 0.33 Hz (see text S1 for details). We also measured the thrust experimentally and found a mean thrust of 42 ± 7 mN (see text S2). Taking the lower of these two values, the mean power output based on the experimentally measured thrust was 0.08 mW, and power density was 3.2 mW kg −1 for an actuator mass of 25.1 g. The power efficiency of the actuator, based on the mean thrust and electrical power input (h = P thrust /P electrical ), was 0.0013%. Whereas the h EBT describes the relationship between lateral motion and useful forward propulsion, the power efficiency here shows that about 0.0013% of electrical power used to deform the actuator results in thrust.
Acoustic profile demonstrating the sonic stealth potential of the robot One advantage of using DEAs for underwater propulsion is the ability of our soft robot to move quietly, which is of considerable importance in stealth and acoustic monitoring applications. To demonstrate the quiet propulsion of our robot, we recorded the acoustic profile of FEDEA actuators in water at rest and during actuation and showed that there was only a slight increase in measured sound with an average value of 0.3 dB when the actuators were running (fig. S6 ).
Translucency for optical camouflage For applications where transparency or passive camouflage is desired, the robot should exhibit high transmittance throughout the visible spectrum (Fig. 3) . To quantify the translucency, we measured light transmission through the actuator. There were two visibly distinct regions in the actuator: the border, which consisted of three layers of a transparent acrylic elastomer, and the active area, where the fluid electrodes resided. Using hyperspectral imaging (42, 43), we found that the active area had a transmittance of 97% compared with the border transmittance of 90%. The higher transmittance of the active area may be due to an improvement of light transmission through the water-elastomer interfaces in the area, which are diminished in the air-elastomer interfaces around the border. As a comparison, we measured the transmittance in the abdomen of a leptocephalus that uses translucency for camouflage (32) . We found that the transmittance of the two areas of the actuator was comparable to that of the eel, which had an average transmittance of 94% (Fig. 3D) .
Visual communication using fluorescence
In addition to passive camouflage, the high transmittance of the robot enables visual display through the body of the robot for communication. Recently, species of brightly fluorescent eels have been found in the Caribbean Sea (44) . Although the purpose of the biofluorescence is still up for debate (45) , one purpose may be to help eels locate each other during full moon spawning events. Other proposed functions may be to aid in communication, predator avoidance, or prey attraction. In robotic applications, fluorescence may be a way to enable communication optically in an environment that is not conducive to radio communication (46) . To test the feasibility of encapsulating a fluorescing dye within our actuators, we injected green fluorescent protein (GFP) between two layers of the dielectric film (in a similar configuration to the fluid electrodes described above) and plotted the initial and subsequent emission spectrum after 2 days of storage in the dark at room temperature (Fig. 4A) . These results showed that the fluorescence response of the GFP within the actuators did not decay substantially after 48 hours of encapsulation.
For larger volume testing, we then introduced a low-cost, non-GFP commercial dye that fluoresces under ultraviolet (UV) excitation into the actuation chambers of our swimming robot. We then excited the dye with UV illumination while simultaneously actuating the robot (see Fig. 4 , B and C, and movie S1). Taking advantage of the high transmittance of the actuator, we were able to use the entire internal electrode area for display, simultaneously maximizing the size of the DEA and the display.
DISCUSSION
The proof-of-concept design here demonstrates that water, including the surrounding fluid in submerged devices, can be used as compliant electrodes for DEAs. This design approach obviates the need for the use of hydrogel-, carbon-, or metal-based electrodes and potentially simplifies the design of actuators for submersible robots that can take advantage of the ground potential provided by the surrounding fluid. The results in fig.  S3 show that FEDEAs can provide greater actuation amplitudes than non-prestrained actuators with carbon grease. When a bimorph with carbon grease electrodes is submerged in water, the maximum amplitude decreases by 46%. However, the amplitude is about two times larger for FEDEAs with USP-grade water compared with submerged carbon grease electrodes. This demonstrates that the actuation performance decreases when the actuators are submerged in water, but fluid electrodes provide comparable, if not improved, actuation performance over carbon grease electrodes when submerged.
One advantage of compliant actuators and soft robotics in general is the ability to minimize the risk of damage to their surroundings, especially when interacting with living creatures, unstructured environments, or delicate objects (47) (48) (49) (50) . The prototype robot presented here consists of completely soft, submersible actuators that take advantage of the conductivity and potential of its surrounding environment. Further, because the actuator is completely soft, it reduces the risk of harming wildlife or fragile structures in the case of contact between the robot and its environment.
One challenge with the current design is that the structure has a preferential direction of bending, resulting in asymmetric actuation about the midline of the robot. We believe that this is due to a slight curvature in the robot caused by our manufacturing approach, which imparts a preferential bending direction in the actuators, resulting in larger bending in one direction, as shown in Fig. 2 . Furthermore, the bidirectional expansion of the actuated bimorph sections causes curvature in two directions that seems to inhibit bidirectional bending of the segments. A conceptual constraint of fluid electrodes is that they are not amenable to all actuator configurations, in that one of the electrodes generally requires some encapsulation to define its geometry and ensure its contact with the DE membrane. The design and fabrication approaches described in this work also have a few additional design constraints: (i) the border around the electrodes needs to be at least~8 mm wide to ensure adhesion and reduce the risk of shorting; (ii) tubing is required to inject the fluid and maintain electrical contact, which must be free of air bubbles; and (iii) a sealant is required to prevent leakage around the tubing/elastomer interface. One potential way to address these challenges, and potentially scale to smaller dimensions, is to use soft lithography, as used previously for DEA pumps (51, 52) .
The actuator itself is neutrally buoyant, which reduces the need to overcome the negative buoyancy found in most, traditional underwater robotic systems. It is possible to fine-tune the buoyancy by introducing air into the fluid chambers or by ballasting to achieve negative buoyancy. The speed of our robot is slower than most reported underwater swimmers using smart actuators (53, 54) , but previous swimmers based on DEAs either are opaque (because of electrode materials) or require prestrained dielectric membranes, or both. The boom serves to planarize the motion of the robot so that we can better characterize its performance. However, the boom also increases the drag resisting the motion of the robot. Because the robot is operating in laminar flow (Reynolds number of~450), it experiences viscous drag proportional to the combined wetted area of the robot, tubing, and boom. The actuator comprises 44% of the wetted area of the setup, indicating that the performance described here is a conservative estimate of the potential . The efficiency of our robot is less than the estimated h EBT of swimming eels, which has been reported to range from 87 to 97% (40) ; however, the proof-of-concept actuation sequence presented here has not been optimized for speed or efficiency. One way to estimate the potential optimized performance of the robot is through EBT. If we were able to improve our robot such that it matched the efficiency of natural eels at a fixed body wave speed (e.g., by optimizing the parameters of the EBT model, nominally the amplitude at the tail, A; the amplitude growth rate, a; the length of the eel, L; and the wavelength of the actuation, l) (55), then EBT predicts that we could expect a maximum speed of 55 mm/s.
As another point of comparison, the power efficiency of a commercially available remotely operated vehicle (ROV), the Trident by OpenROV, is estimated to be 15% (56, 57) . The Trident ROV has a maximum speed of 2 m s −1 and a run time of 3 to 4 hours on a 389-kJ battery that weighs 0.57 kg, resulting in a range of 22 to 29 km (56) . Although the FEDEAs of our robot required very little power to generate thrust, the driving electronics consumed a comparatively large amount of energy. Our prototype circuit, which was not optimized for efficiency, consumed about 1 W during actuation, primarily due to discharging the DEAs through resistors. Because the robot reached an average speed of 1.9 mm s −1
, it is possible to estimate that if we powered it with a 389-kJ battery (without affecting the hydrodynamic drag), our robot would have an estimated range of~0.7 km.
Although the speeds and efficiencies of the DEAs reported in (10, 11, 19) are much higher than those described in this work, we have done so without any prestrain, eliminating the need for rigid or semi-rigid members to maintain a stretch. This results in a fully soft elastomeric robot. For example, the speed and efficiency of the work by Li et al. are 71 and 7900 times greater than that of our robot, respectively (19) . However, their work does not perform as well on camouflage and conformability. Although our submerged robots have a longevity of 10 2 to 10 3 cycles, we have observed that the elastomer membranes themselves can withstand over 10 6 actuation cycles and~300 hours of continuous immersion in fluid (see text S3). Further improvements to the efficiency, range, and longevity of the robot are left for future work.
Because the robot is driven by DEAs, its propulsion system is silent, especially compared with propeller or jet thrusters used on typicalROVs. Optical transparency enables passive camouflage so that the robot can blend into its environment, and the combination of optical and acoustic stealth suggests the potential for underwater applications where detection or disturbance of the environment is undesirable. Recent work has explored electroluminescence in translucent soft robotics (58) , which could be implemented in our swimming robot, enabling a more controllable, programmable display. We can implement optical communication through fluorescence, electroluminescence, or other techniques to enable alternative means of localization or communication underwater (58) . A fully contained soft robot driven by these fluid electrode DEAs could house miniature high-voltage dc (HVDC) convertors, a microcontroller, cameras, sensors, and a battery, which could be encapsulated in a watertight chamber that is electrically isolated from the surrounding fluid, as previously demonstrated for prestrained DEA swimmers (19) . This would enable quiet, untethered, submersible, passively camouflaged soft robotics for search and rescue or ocean discovery operations.
MATERIALS AND METHODS
Actuator fabrication
To construct the bimorph actuator module, we attached two layers of an acrylic adhesive (VHB 4905, 3M) to each other ( fig. S1 ). We patterned the electrode chambers with a passivating agent (corn starch for bimorph characterization and superfine granulated sugar and dishwashing liquid for transparency and swimming experiments) to prevent adhesion between the layers in these regions. We inserted a silicone tube to enable the injection of a conductive fluid into the electrode chamber via a syringe. We used water as the conductive ionic solution, and we added food dye to the internal conductive solution as a visual aid for the bimorph and some swimming experiments. The water that fills the actuators and the tank for swimming experiments was initially deionized, but we made no efforts to protect the purity of the water in the tank.
Characterization of actuation and swimming
We connected the fluid to a high-voltage power supply through the metallic needle of the syringe, which provided electrical contact to the fluid within the actuator. A high-voltage power supply (ES20P-5W, Gamma High Voltage Research Inc.) provided the power for the bimorph actuator module curvature measurements. EMCO high-voltage dc converters amplified the signal from a microcontroller (Arduino Uno) for the swimming experiments. We used a camera phone to record images and video in all experiments. We used the open source Tracker Video Analysis Tool (www.physlets.org/tracker) for motion tracking of the robot.
Fluorescence response
We used "Green UV Laser Dye" (Bitspower) as the dye and a lightemitting diode flashlight (TaoTronics; excitation spectrum, 395 to 400 nm) as a UV source in the fluorescing swimming experiments. We used a hyperspectral imaging system (PARISS hyperspectral imager, LightForm Inc.) mounted on a Nikon Eclipse 80i microscope to measure the fluorescence spectrum from commercially sourced GFP embedded between layers of the dielectric elastomer in the longevity study. We plotted the spectra from 450 to 750 nm for evaluation of the longevity of the emission of the embedded GFP both initially after embedding the GFP and 48 hours later.
Translucency study
We measured the transmission of regions of interest in the robot and the leptocephalus with the PARISS hyperspectral imaging system. We selected two regions in the robot (around the outside border of the robot and over the active area) and one region in the leptocephalus to compare their transmission between 400 and 800 nm.
Acoustic measurements
To measure the acoustic profile of the robot, we used a hydrophone (Teledyne Reson) about 5 cm away from bimorph FEDEAs within a~700-ml water tank. We measured the sound both when the actuators were sitting at rest for a background signal and when we actuated the bimorphs at 0.33 Hz. We recorded the signal with a Sound Devices 722 high-resolution digital audio recorder and analyzed the spectrum with Audacity using a Hanning window and a size of 1024.
Conductivity measurements
Data were obtained using a potentiostat (PalmSens 4, Enschede, Holland), on a three-electrode system consisting of a 4-mm-diameter gold working electrode, a gold counter electrode, and a Ag/AgCl reference electrode (DRP-220AT, Dropsens, Oviedo, Spain). Impedance measurements were taken with electrochemical impedance spectroscopy starting at 0 V versus a Ag/AgCl reference electrode using ac signals with a peak to peak amplitude of 10 mV in frequencies from 5 to 100,000 Hz. Conductivity of the solution was calculated using the equationk ¼ A Zl , where k is the conductivity of the solution, A is the area of the electrode, Z is the impedance at 100 kHz, and l is the length between electrodes. Table S1 . Fitting parameters for sinusoid kinematic model of the tail. Movie S1. Video of robot swimming under regular and UV light.
SUPPLEMENTARY MATERIALS
